show clinical or histological signs of GVHD following the injection of PIR-B-DCs. These results demonstrated that PIR-B-DC cotransplantation may attenuate the severity of GVHD after BMT.
(CMs), while immature DCs (imDCs) inhibit T-cell responses and induce tolerance. imDCs become tolerogenic to inhibit the activation of T-helper cells (T H ) when they interact with antigen-specific CD8+CD28-T-suppressor (T S ) cells [2] . High expression of immunoglobulin-like transcript (ILT) 3 and ILT4 is a general feature of tolerogenic DCs [3] . Tolerogenic DCs with increased ILT3 and ILT4 expression induce T H anergy inhibiting the capacity of alloreactive CD4+ T cells to proliferate [2] . Meanwhile, tolerogenic DCs stimulate the generation of T-regulatory (T R ) and T S cells, which in turn continue the cascade of suppression by tolerizing other DCs [3] . Circulating tolerogenic DCs and T cells suppressing the immune response abate the symptoms of GVHD and preserve allograft function.
Paired immunoglobulin-like receptor B (PIR-B), expressed on APCs of rodents, comprise a MHC class I recognition system. Recently, a report showed that the molecular structure and function of PIR-B resembles ILT4, which is expressed in humans [4] . PIR-B bears a long cytoplasmic domain that contains three potential immunoreceptor tyrosine-based inhibitory motifs and inhibits the receptor-mediated activation signal. After transfer of allogeneic splenocytes into PIR-B-deficient mice, the mice showed exacerbated GVHD, which was due to augmented activation of recipient DCs [5] . In this study, we evaluated the effects of PIR-B lentivirus on murine BMderived DC maturation and function compared with imDCs and IL-10-treated DCs (IL-10-DCs), including effects on morphology and expression of MHCII, CMs and PIR-B, and used a murine aGVHD model as an additional in vivo assay for suppressor function in a nonautoimmune disease-prone strain.
Materials and Methods

Mice and Lentivirus
BALB/c (H-2k
d ) mice were purchased from the Vital River Laboratories (China). C57BL/6 (H-2k b ) mice were obtained from the breeding facility of the Organ Transplantation Department at TongJi Hospital, Huazhong University of Science and Technology. Donors were male and between 6 and 12 weeks of age; recipients were female and at least 8 weeks of age. All mice were maintained in specific pathogen-free conditions and in accordance with institutional guidelines. PIR-B lentiviruses were constructed as described previously [6] .
Generation of BM-Derived DCs and Lentivirus Infection of Murine DCs
DCs were generated from BM as described previously [7] . Briefly, imDCs were prepared by culturing BM cells obtained from BALB/c mice with granulocyte-macrophage colony-stimulating factor (GM-CSF, 20 ng/ml; Peprotech, USA). IL-10-DCs were generated from BM cells obtained from BALB/c mice and cultured with GM-CSF (20 ng/ml) and recombinant murine IL-10 (20 ng/ml; Peprotech). On day 5, non-adherent cells were removed and fresh medium containing cytokine was added. On day 6 or 7 of culture, nonadherent cells and loosely adherent DC aggregates were harvested for the experiments.
Cells were then infected with PIR-B lentivirus at a multiplicity of infection of 5 for 6 h. Subsequently, the lentivirus-containing medium was removed and substituted by DC culture medium. The infected cells were left to express the transgenes of interest for another 4 and 5 days before further use.
Antibodies and Flow Cytometry
Expression of PIR-B, CD80, CD86, CD40 and MHCII on imDCs, IL-10-DCs and PIR-B lentivirus-transfected DCs was determined as described previously [8] . Four hundred microliters of cells at a concentration of 1 ! 10 5 /ml were incubated with FITC-and PE-labeled monoclonal antibodies (Biolegend, USA) at the optimal concentration for immunostaining for 45 min at 4 ° C. Cells were washed and resuspended in 400 l PBS, then analyzed on a FACScalibur flow cytometer (BD, USA). We used isotypematched antibodies as controls to avoid nonspecific binding to Fc receptors.
Western Blots and Reverse Transcription-Polymerase Chain Reaction
Western blot analysis was carried out using 40 g of cell lysates. The primary antibody was added in 5% (v/v) milk. Proteins were visualized using ECL.
Total RNA that was obtained from cells reverse-transcribed (RT) into cDNA, and then polymerase chain reaction (PCR) amplification of cDNA was performed using a thermal cycler. The sequences of the PCR primers used in this study were as follows: PIR-B forward, CCTGTGGAGCTCACAGTCTCAG; PIR-B reverse, GTGTTCAGTTGTTCCCTTGACATGA; ␤ -actin forward, CTGGCACCACACCTCCTACA; ␤ -actin reverse, ATGACTT-GCGCACAGGAGGA, and mouse Sry forward, CTAAGCCATG-TACCACCT, and Sry reverse, CTCTCTCTTTATCAATTTTTT-CT. The primers were synthesized by Shanghai Invitrogen Biological Engineering. After amplification, the products were separated on 1.5% (w/v) agarose gels and stained with ethidium bromide.
aGVHD Model aGVHD was induced as described previously [9] . In brief, BALB/c hosts were lethally irradiated (8.5 Gy) and injected intravenously within 6 h with 1 ! 10 7 BM cells and 2 ! 10 7 spleen mononuclear cells from C57BL/6 mice. Recipients were divided into four groups and received intravenous injections of various additional DCs from BALB/c mice at the time of BM-splenocyte transplantation. The imDCs group (n = 15) received 1 ! 10 6 imDCs; the IL-10-DC group (n = 15) 1 ! 10 6 IL-10-DCs; the PIR-B-DCs group (n = 15) 1 ! 10 6 PIR-B lentivirus-transfected DCs, and the BMT group (n = 10) received no DCs. The day of transplantation was designated as day 0. For survival studies, mice were housed in sterilized micro-isolator cages; they received antibiotic-treated water (erythromycin/gentamycin) for the first 28 days after BMT and filtered water thereafter.
Systemic and Histopathologic Analysis of aGVHD
Survival and appearance were monitored daily until the mice died naturally of GVHD. The degree of clinical GVHD was assessed by a scoring system that sums changes in five clinical parameters: weight loss, posture, activity, fur texture and skin integrity (maximum index, 10) [10] . The index is more sensitive to aGVHD severity than weight loss alone, a parameter that has been found to be a reliable indicator of systemic GVHD in multiple murine models. For histology, moribund mice were euthanized to obtain the liver, intestines and skin, the primary GVHD target organs. Sections of tissue were fixed in 10% buffered formalin. Specimens were then embedded in paraffin and cut into 5-mthick sections. Hematoxylin-eosin staining of paraffin-embedded tissue sections was performed according to standard protocols. Image acquisition was performed using an inverted phase contrast microscope (Olympus) with a SPOT RT camera and acquisition software.
Statistical Analysis
Differences were evaluated using a Statistical Package for Social Sciences (SPSS 14.0). Data were expressed as means and standard deviations. Student's paired t test or the log-rank test was performed to determine statistically significant differences. p ! 0.05 was considered significant. 
Results
PIR-B Lentivirus Inhibits the Expression of MHC and CMs of BM-Derived DCs
To examine the effects of PIR-B expression on DCs, we stably transfected imDCs in a lentivirus expression vector for PIR-B. MHCII and CM expression was determined by flow cytometry (FCM). Compared to imDCs, both IL-10-DCs and PIR-B-DCs inhibited the expression of CD80, CD86, CD40 and MHCII, whereas PIR-B-DCs expressed lower levels of surface CMs ( fig. 1 ). PIR-B-DCs showed a statistically significant decrease in MHC and CM expression (Student's paired t test, p ! 0.05).
Estimation of the Expression of PIR-B in DCs
In a previous report, PIR-B played a crucial role in mediating murine-derived DC tolerance. Therefore, we analyzed the expression of PIR-B mRNA on imDCs, IL-10-DCs and PIR-B-DCs by RT-PCR. Expression of PIR-B mRNA in PIR-B-DCs was stronger than that on IL-10-DCs and imDCs ( fig. 2 a) .
The expression of PIR-B on DCs was also estimated by fig. 2 c) .
Treatment of Hosts with Recipient-Derived PIR-B-DCs Reduced Death from aGVHD
The above results indicated that imDCs genetically modified to highly express PIR-B could efficiently exert a tolerogenic DC function. We therefore tested the in vivo suppressive function of murine DCs genetically modified to express PIR-B using a murine aGVHD model. Recipients were divided into four groups injected intravenously with imDCs, IL-10-DCs, PIR-B-DCs or no DCs from BALB/c mice, respectively, at the time of BM-splenocyte transplantation. Controls that received only body TBI without BMT died within 10 days. In the BMT group, all BALB/c recipients died on day 24 after transplantation of C57BL/6 BM and splenocytes. In these mice, clinical symptoms of aGVHD, such as reduced mobility, hair ruffling, weight loss and diarrhea, became apparent within 6 days. In contrast, 46.7% of BALB/c recipients of BMsplenocytes transplantation and PIR-B-DCs survived 1 60 days without apparent aGVHD, whereas only 20% of BALB/c recipients of IL-10-DCs survived this long. An injection of imDCs at the time of transplantation of C57BL/6 BM and splenocytes to BALB/c recipients did not significantly affect aGVHD-induced lethality ( fig. 3 ).
Recipient-Derived PIR-B-DCs Protected Hosts against GVHD-Related Tissue Damage
Our model was designed to study the effect of PIR-BDCs on aGVHD. Moribund mice with GVHD were euthanized and samples of the liver, skin, small intestine, kidney and spleen were taken for histopathologic analyses. In this BMT model, GVHD was histologically demonstrated as lymphocytic infiltration of the liver and skin ( fig. 4 ) . The small intestine, kidney and spleen were not affected (data not shown).
Discussion
DCs have emerged as a key component of the immune system involved in the induction of peripheral tolerance. Myeloid DCs are versatile APCs, which are derived from monocytes and hematopoietic BM cells [1] . In peripheral tissues, imDCs endocytose antigen, process it into peptides to form MHC-peptide complexes and migrate to lymph nodes where they present antigen to T cells [11] . However, when imDCs interact with T S , they become tolerogenic and inhibit the activation of T H [2] . Expression profiling of tolerogenic DCs shows downregulation of the CMs CD40, CD80 and CD86 ligand and upregulation of the inhibitory receptors ILT2, ILT3 and ILT4 [12] . ILT2, ILT3 and ILT4 belong to a family of Ig-like inhibitory receptors that display a long cytoplasmic tail containing immunoreceptor tyrosine-based inhibitory motifs. Transduction of ILT3 and ILT4 in DC lines results in the generation of APCs, which completely block the proliferation of allospecific T H . Upon interaction with tolerogenic DCs, allospecific CD4+ T H are converted into MHCII-specific T R cells that expressed CD25, CTLA-4, GITR, CD45RO and FOXP3. Tolerogenic DCs have been shown to induce the generation of alloantigen-specific CD4+CD25+CD45RO+CTLA-4+, FOXP3+T R cells that resemble CD4+CD25+ naturally occurring T R cells [13] and induce the differentiation of CD8+CD28-FOXP3+ T S cells. T S and T R inhibit NF-B activation and transcription of CMs in target APCs expressing the MHCI and MHCII antigens of the cells used for priming. Therefore, tolerogenic DCs are crucial to the generation of antigen-specific CD8+ T S and CD4+ T R . The bidirectional interaction between regulatory cells and tolerogenic DCs perpetuates a cascade of events that downregulates T-cell alloreactivity. Tolerogenic DCs expressing the inhibitory receptors ILT3 and ILT4 induce immunosuppression by blocking the capacity of APCs to stimulate CD4+ T H and CD8+ cytotoxic T cells. Characteristically, the molecular structure and function of PIR-B expressed on APCs of rodents resembles ILT4 in humans. In this experiment, we transfected imDCs with PIR-B lentivirus and estimated PIR-B-DC tolerance. However, ILT4
high tolerogenic DCs could be generated by treating myeloid DCs with IL-10 and IFN-␥ [3] . We used imDCs and IL-10-treated imDCs as controls to estimate the effects of treatment on DC tolerance. To define the molecular changes induced by different methods in DCs, MHC and CMs, DC expression was investigated by FCM analysis. We found that CD80, CD86, CD40 and MHCII expression was lower in PIR-B-DCs than in imDCs and IL-10-DCs. In other words, PIR-BDCs showed a stronger inhibitory effect on tolerogenic DCs. To estimate the expression of PIR-B on DCs, we analyzed mRNA protein of PIR-B on three DC types. Our data demonstrated that the expression of PIR-B on PIR-B-DCs was significantly higher than that on imDCs and IL-10-DCs.
We also established a murine aGVHD model to investigate the in vivo suppressive function of murine DCs genetically modified to highly express PIR-B. However, in vivo analysis demonstrated that injection of PIR-B-DCs decreased morbidity and mortality during the process of aGVHD. In addition, GVHD-related tissue damage was less apparent in PIR-B-DC recipients. We presumed that injection of PIR-B-DCs could also induce a cascade of immunosuppressive events by activating the circulation of tolerogenic DCs and CD8+ T S /CD4+ T R . Patient T S has also been shown to induce upregulation of the inhibitory receptors ILT3 and ILT4 on donor APCs, as well as APCs transfected with a luciferase gene plasmid containing the ILT3 or ILT4 promoter [14, 15] . Serial determination of suppressor activity displayed by patient CD4+CD25+ FOXP3+ T cells yielded similar results and showed that T R -induced transcriptional activation of ILT3 and ILT4 in APCs matched to the donor [16] .
In conclusion, PIR-B lentivirus-transfected DCs can efficiently induce specific suppressor function on alloreactive T cells and decrease mortality and morbidity correlated with GVHD.
